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X-ray diffraction methods have many of the advantages of physicochemical 
methods.  Practically speaking, they do not alter the material under investi- 
gation  but  still  they  furnish  information  on  the  chemical  structure.  Such 
methods seem, therefore, particularly suitable for studying biological material. 
Because x-ray diffraction methods are limited to relatively small particle size, 
the microscopic structure of muscle cannot be studied by this method. 
X-ray diffraction studies of muscle were reported as early as  1921  (Herzog 
and  Jancke).  Techniques  adequate  for  the  study  of  living  muscle  and  its 
reactions were developed by Boehm (1931 a and b).  Boehm and Weber (1932) 
have successfully identified the diffraction pattern of dried muscle with that of 
stretched myosin threads, thus showing that most of the findings of x-ray dif- 
fraction studies in muscle refer to changes in the muscle protein.  This has been 
confirmed by Astbury (1936).  Recently reported small-angle interferences in 
myosin as described by Kratky, Sekora, and Weber (1943)  have not yet been 
found in muscle fibres. 
The experiments to be reported here were made with the intention of cor- 
relating x-ray diffraction findings  in  living and  dead  muscles  with  chemical 
changes in proteins.  Biedermann  (1927)  has  explained the changes  in  bire- 
fringence  of  muscle  by  changes  in  myosin.  Katz  (1934)  has  stressed  the 
probability that anisotropy of a substance as shown by its birefringence has a 
parallel in its x-ray diffraction pattern.  Therefore, in most cases, changes in 
the latter were followed up by studies with the polarization microscope.  Con- 
versely, studies were made of the effect on the x-ray diffraction pattern of sub- 
stances which were known, from the work of former authors, to affect the bire- 
fringence of the  muscle. 
The apparatus used in these experiments was the same as that reported before, but 
it has  been equipped  with a  new  camera,  especially  constructed for this  purpose. 
The distance between the object and the focal spot has been shortened to 60 mm.; 
by using extensions  of various  sizes, the specimen-film distance could be varied be- 
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tween 20 and 80 mm.  Thus the exposure time for a living muscle c?uld be cut down 
to 3  minutes.  Controls, using nickel filters and a  correspondingly longer exposure, 
did not show appreciable difference in the diffraction pattern.  Lucite stages were used 
to support the muscle :n a horizontal position in the x-ray beam.  The muscle rested 
on a  ledge which permitted application of fluid and facilitated consecutive exposures 
of different parts of the same muscle.  Electrical connections inside the x-ray diffrac- 
tion camera made it possible to stimulate the specimen electrically during the x-ray 
exposure.  The correct position of the muscle with respect to the center of the x-ray 
beam  was  observed  through  a  special  self-illuminating microscopical  device.  In 
each side of the camera was a small hole in the horizontal axis through which threads 
could be attached to the ends of the muscle thus making it possible to apply tension 
to the muscle.  Dried muscles were studied either in the usual cameras or in the special 
camera using an object-film distance of 40 mm.  The dried muscles were fixed with 
plasticene across the centered hole of a glass slide. 
The x-ray diffraction patterns were first studied on a  viewing box.  In order to 
compare to better advantage patterns obtained at different object-film distances, a 
photographic enlarger was used.  This  method  was especially successful in  making 
exact measurements because necessary pencil marks could be made without marring 
the original film. 
All  experiments  were  made  on  sartorius  muscle  of  Rana  piple~zs. 1  The  fresh 
muscles were kept in Ringer's solution until used and were moistened during the ex- 
posure with Ringer's or the solution whose effects were  being studied.  Drying of the 
muscles was done at room temperature in a vacuum desiccator over calcium chloride. 
In  the  first  series  of  experiments,  the  x-ray  diffraction patterns  of  living 
muscle were studied under the special conditions necessitated by the exposure 
itself.  The  dimensions of our camera made short exposures  (no more than  3 
to  6  minutes)  possible.  Nevertheless,  the  influence  of  30  minute  exposures 
was  studied.  The  muscle  was,  of  course,  kept moist with  Ringer's solution. 
It  could  be  shown  that  after  such  an  irradiation,  corresponding  to  40,830 
roentgens,  the  muscle was  still able to  respond to  electrical stimulation  in  a 
manner  comparable  to  that  of  a  normal  muscle.  Nor  did  the  histological 
picture  reveal  any  gross  changes.  The  x-ray  diffraction  pattern  of  such  a 
muscle was identical (save for the intensity of the lines) with the ones produced 
by exposures of 3, 6, and 12 minutes.  These findings are somewhat at variance 
with reports of Boehm  (1931)  who  described the detrimental effects of x-rays 
on the muscle as  indicated by  currents  of  injury.  Therefore,  he  moved  the 
muscle continuously during the exposure.  We noticed, on the contrary, that 
mechanical pulling of the muscle induces contraction in  the latter.  But part 
of the discrepancy between our results and those of Boehm may be explained 
by the fact that for these particular experiment  s  he used a  distance from the 
specimen to the focal spot of only 18 mm.,  which resulted in an irradiation of 
85,000  r  in  15  seconds. 
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In agreement with the observations of other authors, it could be shown that 
the x-ray diffraction pattern of fresh muscle is to a large degree dependent upon 
the  state  of  contraction  of  the  muscle.  In  the  experiments  to  be reported 
here  a  number  of  agents  were  used  which  induce  contractions  in  muscle. 
Therefore,  rigid  frames of either  glass or stainless  steel were used.  Muscles 
were tied to these at  their ends in such a  manner as to prevent contraction. 
In order to obtain data comparable with those reported before, several expo- 
sures were  taken  during  which  the  muscle was allowed  to contract  against 
the pull of a  weight. 
The x-ray diffraction patterns  of !iving sartorius muscles have been  taken 
in thirteen instances.  According to our findings, the pattern consists in  (1)  a 
spacing corresponding to 9.57  fit.u, which is oriented perpendicular to the long 
axis of the muscle fibers.  The end points of this streak-like blackening in the 
diffraction  pattern  lie  on  an  ellipse which  is very faintly indicated;  (2)  two 
sickles,  the  centers  of  which  lie  on  a  line  parallel  to  the  long axis of the 
muscle  fiber.  They  correspond  to  a  spacing  of  5.52  fit.u.  They  are  pos- 
sibly parts of a  flattened ellipse, although in normal muscles the poles of the 
long axis of the ellipse could not be seen on the film.  This may be partly due 
to the existence of (3)  a  diffuse, intense ring corresponding to a  spacing of 3.5 
A.u.  (Fig.  1).  If the living muscle is allowed to shorten before or during the 
exposure  (as  upon  mechanical  or  electric  stimulation),  all  of  the  diffraction 
pattern disappears excepting the diffuse ring.  If such a contraction (see stimu- 
lation by single electric shock) is prevented by tying the muscle in a rigid frame, 
the  original  orientation  reappears. 
In order to study a  transverse section, the fresh thyrohyoid muscle of a  cat 
was tied to a frame and kept for 24 hours in 3.7 per cent formaldehyde.  There- 
after a transverse section was made: the rest of the muscle was used as a  con- 
trol, in a  longitudinal section.  The pattern of the transverse section consists 
of two diffuse rings and of a  "halo."  The rings,  corresponding to spacings of 
4.53  and 9.66  ~..u.,  do not  show any orientation.  The diffraction pattern of 
the muscle in longitudinal  position shows equatorial  streaks and sickles,  cor- 
responding to similar spacings in the pattern of frog muscle.  The distinctness 
of  the  pattern  is  somewhat  impaired  by  the  formaldehyde  treatment  (see 
below),  but  the  pattern  is  still  recognizable. 
In order to obtain muscle x-ray diffraction patterns comparable to those of 
dried proteins, the fresh muscles were dried in a  desiccator, at room tempera- 
ture, to constant weight.  Shrinkage in two dimensions was prevented by ad- 
hesion of the muscle to a  glass surface.  The loss in water after such drying 
amounted to about 80 per cent of the original weight. 
In a preliminary experiment, a dried muscle was finely ground and the pow- 
der studied in the usual way.  The x-ray diffraction pattern of such a powder 
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FIG. 1.  Normal muscle.  No. 1, fresh normal muscle.  No. 2, dried normal muscle. 
No. 3, powdered dried muscle.  In these figures,  as in those thxt follow,  the axis  of 
the specimens is vertical.  Unfortunately  the two meridional sickles were not brought 
out in the reproduction. 
of two diffuse concentric rings corresponding to spacings of 4.46 and 9.66 2~.u. 
All the other studies were made on whole dried muscle.  The x-ray diffraction 
pattern of  a  transverse section of  dried  thyrohyoid cat  muscle is practically M.  SPIEGEL-ADOLF,  G.  C.  HENN¥~  AND  E.  W.  ASHKENAZ  155 
identical with  the x-ray diffraction pattern of powdered muscle, whereas the 
control part of the muscle, exposed in longitudinal direction, shows orientation 
of the pattern. 
The x-ray diffraction pattern as derived from a study of twenty-eight differ- 
ent dried frog muscles consists of (1)  two equatorial points lying on an ellip- 
tical ring corresponding to a  spacing of 9.95  ~-.u. and of (2) an elliptical ring, 
flattened at its vertical pole, the diameters of which correspond to spacings of 
5.11  and 4.60  A.u.  (Fig.  1).  A comparison of these figures with the measure- 
ments of fresh muscles gives the following results: With the exception of some 
small  numerical differences,  the  significance  of which  will  be discussed  pres- 
ently,  there seems to be a  close similarity between  the patterns of the moist 
and of the dried muscle.  Further evidence of this similarity is given by x-ray 
diffraction studies of muscles in various stages of desiccation.  A  comparison 
of these two pictures with  those of the moist and dried specimens shows the 
gradual  changes  of  the  longitudinal  streaks  of  the  moist  pattern  into  the 
equatorial dots of the dried one, the increasing accentuation of the sickles and 
their changes to an elliptical ring, and the final disappearance of the water halo. 
It seems probable, therefore,  that the  loss of the bulk of water which  occurs 
upon drying does not materially affect the molecular structure of the muscle. 
Conversely, small differences seem to exist between  the horizontal diameters 
of the inner rings of the moist and dried muscles on one hand and the vertical 
diameters of the outer rings on the other hand.  Since the question of the loca- 
tion of the water in the muscles seems to depend upon the identity of the diffrac- 
tion lines of muscles in the moist and dry state, diffraction patterns of thirteen 
normal moist muscles were compared with those of twenty-eight normal dried 
muscles.  The average values are summarized in Table I. 
A study of these results shows that the magnitude of the differences for the 
diameters of the inner and the outer rings is not identical;  nor are the  differ- 
ences in the same direction.  In order to ascertain if these differences have a 
certain meaning or are caused by the spreading of the individual values, statis- 
tical treatment of the results was tried.  According to computations based on 
a comparison of the two sets of means by calculation of t in order to determine 
P  (the  probability  integral),  both  differences  are  significant,  although  to  a 
slightly different  degree:  differences in  the  diameter of the  outer  ring in  the 
moist and dried muscles cannot occur by chance in 1 in  100 cases, while there 
are 1 to 2 chances in 100  that the differences observed in the diameter of the 
inner  ring are not significant. 
In  order  to check this  point more carefully and  to exclude  the  possibility 
that  the differences were due to variations in  the thickness of the muscles, a 
more  rigorous  experiment  was  carried  out.  In  nine  cases  x-ray diffraction 
patterns  were made of normal moist  (living)  muscle; the  muscles were then 
dried and another set of x-ray diffraction patterns made.  A comparison of the 156  X-RAY  DIF~FRACTION STUDIES  ON  FROG  MUSCLES 
measurements shows that the average figures are identical with  the ones ob- 
tained  in  the  larger  series  (Table  II).  But a  statistical  evaluation  of these 
TABLE  I 
Figures on 13 Moist and 28 Dried Muscles  Corrected to 40 Mm. 
Film No. 
(1)  14 C 
(2)  20 C 
(3)  22 C 
(4)  27 C 
(5)  37 C  • 
(6)  40 c 
(7)  69 C 
(8)  167 C 
(9)  168 C 
(10)  169 C 
(11)  195 C 
(12)  198 C 
(13)  199 C 
Total ..... 
Average... 
Moist muscles  Dried muscles 
Inner ring  Outer ring 
Inner 
points 
13 
13 
171 
13.1 
13 
Outer 
sickles 
ram. 
23.5 
23 
21 
24.5 
21.5 
23 
24.5 
23 
23 
23 
24 
24 
23 
301 
23.1 
23 
Water 
ring 
ram. 
38X38 
39 X  38 
35  X  36 
38 X  38 
36 X  36 
38X38 
40X  39 
38 X  38 
39 X  39 
38 X  38 
39 X  39 
39 X  39 
38 X  38 
Film No. 
(1)  II 
(2)  III 
(3)  IV 
(4)  v 
(5)  vi 
(6)  VII 
(7)  VIII 
(8)  XI 
(9)  XVI 
(lO)  xviii 
(11)  2 C 
(12)  4 R 
(13)  5 R 
(14)  9 R 
(15)  10 R 
(16)  58 R 
(17)  70 R 
(18)  75 R 
(19)  78 R 
(20)  21 R 
(21)  27 R 
(22)  29 R 
Horizon- 
tal 
mm. 
13 
12.5 
13 
13 
13 
13.5 
12.5 
12.5 
12.5 
12.5 
13 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12  5 
12.5 
12.5 
Vertical 
mm. 
12 
12 
12 
12 
12 
12.5 
12 
11.5 
11.5 
11.5 
12 
12 
12 
11.5 
12 
12 
12 
11.5 
11.5 
12 
12 
12 
(23)  138aR  13.5  11.5 
(24)  142R  13.5  11.5 
(25)  175 C  13  12 
(26)  163 R  12  11 
(27)  204 C  13  12 
(28)  164R  12.5  11.5 
Total .......  3;6~0 
Average .....  12.7  I  11.8 
112.5112 
Horizon-  Verti- 
tal  cal 
mm.  mm. 
28  26 
28  25.5 
28.5  25.5 
28  25.5 
28,5  25.5 
28.5  25.5 
28.5  25.5 
28  25 
28  24.5 
28.5  25.5 
28.5  24.5 
28.5  25.5 
28  25 
28  25 
28.5  25 
28  25.5 
28  26 
28  24.5 
27  24.5 
28  25.5 
27  25 
27  25 
28  25 
28  25 
28.5  I  24.5 
2~  25 
28  24.5 
28  25 
704.0 
28.05  25.1 
28  25 
results  made  to  determine  the  significance  of  the  mean  of  a  unique  sample 
(Fisher,  1930),  indicates  that  only  the  differences  observed  in  the  vertical 
diameter  of  the  outside  ring  in  moist  and  dried  muscles  are  significant;  i.e., 
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might  occur accidentally.  We  do  not  quite  feel able to  decide whether  the 
results obtained with the larger series are better or worse than the ones achieved 
with the smaller but more select series.  But, in either case, our results on the 
influence of drying upon the spacing corresponding to the horizontal diameter 
of the  inside ring are different from  those reported by Boehm  (1931).  This 
author  reports,  on  the one hand,  an  increase in  the  spacing determining the 
distance of the individual myosin chains from each other when the dried muscles 
take  up  water.  (According to  Boehm  the  change  is from  10-11  A.u.  to  11 
A.u.).  Boehm does not give the number of observations on which he bases his 
conclusions nor the exact methods used for the drying of muscles.  Our results 
TABLE II 
Figures  on Same Muscle--Living and Dried  Corrected 'to 40 Mm. 
Moist muscle 
Film No. 
(1)  167 C 
(2)  168 C 
(3)  169 C 
(4)  195 C 
(5)  198 C 
(6)  199 C 
(7)  27 C 
(8)  37 C 
(9)  40 C 
Horizon-  l  .taI  Vertical 
outer  tuner  ring 
ring  __ 
I  Dim.  ram. 
13  23 
14  23 
13  23 
13  24 
13  24 
13  23 
13  24 
13  22 
14  23 
Water ring 
mm. 
38 ×  38 
39 X  39 
38 X  38 
39 X  39 
39 X  39 
38 X  38 
36 X  36 
36 X  36 
37  X  37 
Total ......  119 
Average ....  13 
209  340 
23  38 
340 
38 
Driedmuscle 
Inner diameter 
Film No. 
138aR 
142R 
175 C 
163 R 
204 C 
164R 
21R 
27R 
29 R  I 
Horizon- 
tal 
mm. 
13 
13 
12.5 
12 
13 
12.5 
12.5 
12.5 
12.5 
Total..•  113.5 
Average  12.5 
Outerdiameter 
Vertical  Horizon-  tal  Vertical 
mm.  mm.  mm. 
11.3  28  25.5 
11.5  28  24.5 
11.5  28  24.5 
11  28  25 
12  28  24.5 
11.5  28  25 
12  28  25.5 
12  27.5  25 
12  28  25 
104.8  251.5  224.5 
11.5  28  25 
were not modified further  by heating the dried muscle for 2  hours at  105°C. 
with respect to either the x-ray diffraction pattern or the water content. 
On  the  other  hand,  Boehm  does  not  find  any  differences of  the  elliptical 
(outside) ring in moist and dried muscles.  We have tried to interpret the dif- 
ferences in the vertical diameter of the outside rings of moist and dried muscle. 
Astbury and  Bell  (1941)  have  correlated  the  corresponding  spacings  to  the 
length of longitudinal folds in the myosin chains.  Our results seem to indicate 
that a  small amount  of water, causing a  change of spacing from 5.52  -A.u.  to 
5.1l  A.u. in this dimension, is lost from the moist muscle upon drying.  Con- 
versely, if a reversibility of this process is taken for granted, it would mean that 
water  taken  up  by the  muscle increases the length  of the  longitudinal folds. 
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in the total thickness of the muscle, there is no real discrepancy between our 
results and the known fact that muscles increase in thickness only upon uptake 
of water.  According to earlier observations (Embden,  1925)  which we were 
able to confirm, frog muscles contain water up to 80 to 90 per cent of their total 
weight.  Our results confirm the findings of Boehm inasmuch as we too must 
assume that most of this water is intermolecularly located. 
Another experiment  was made in order to  study the nature  of the muscle 
changes upon drying.  An x-ray exposure was made of a living moist muscle: 
the  muscle  was  dried  and  again  an  exposure  was  made.  Finally  the  dried 
FIG. 2.  Effects of drying and soaking.  No. 4, fresh muscle.  No. 5, same muscle 
dried.  No. 6, same muscle resoaked.  No. 7, same muscle redried. 
muscle was resoaked in Ringer's solution  (Fig.  2).  Microscopically it looked 
very much like  the  original moist muscle,  but,  of course,  did  not show any 
response upon electrical  stimulation.  Its x-ray diffraction pattern was prac- 
tically identical  with  the  one observed  in  the  same muscle when  still  alive. 
These findings seem to add additional evidence to the theory of the identity 
of  the  diffraction pattern  in  moist  and  dry  muscle.  It  shows besides  that 
whether  the  muscle is  alive  or not does not modify its fine  structure.  This 
supports  the  assumption  that  the  x-ray diffraction pattern  of the  muscle  is 
essentially the one of myosin.  Finally it indicates that the dehydration of the 
muscle, as done by our method, is a reversible process as far as the fine struc- 
ture of the muscle is concerned. 1~.  SPIEGEL-ADOLF~  G.  C.  IilENNY,  AND  E.  W.  AStIKENAZ  159 
The importance of stretching in  the production of orientation and  in  the 
increase or change in  the orientation, in fibers of homogeneous material has 
been  demonstrated  by  Katz  and  Astbury.  Therefore,  experiments  were 
started in this direction.  The muscles were stretched by different weights and 
FIG. 3.  Effects of stretching.  No.  8,  muscle  stretched,  5  gm.  No.  9,  muscle 
stretched, 42.5 gm.  No. 10, muscle stretched, 70.0  gm.  No. 11, frog tendon, stretched, 
70.0 gm.  All specimens  after drying. 
allowed to dry in a desiccator at room temperature.  Preliminary experiments 
showed that the tearing point of the muscle was reached with 100 gm.  There- 
fore, 5 to 70 gin. were used (Fig. 3). 
The x-ray diffraction patterns show the following results: Muscles stretched 
with 5 or 20 gm. weights did not show any particular changes of the diffraction 
pattern.  Applying a weight of 42 gm. results in the appearance of a faint line 
outside  the  sickle;  this  line  corresponds  roughly  to  a  spacing  of  4.32  A.u. 160  X-RAY  DIFFRACTION  STUDIES  ON  FROG  MUSCLES 
Stretching by 70.3 gm. makes this line more distinct, its spacing remaining the 
same:  the whole ring becomes visible, although the stronger intensity in the 
parts parallel to the horizontal axis of the diffraction pattern indicates a  dis- 
tinct  orientation. 
In order to identify this ring analogous experiments were made on the Achilles 
tendon of the frog.  Unstretched tendon does not show any ring corresponding 
to a spacing of 4.32 fi~.u.  Upon stretching with 70.3 gm. such a ring appears, 
showing a degree of orientation similar to the one described in stretched muscle 
(Fig.  3).  The implication seems obvious: the ring visible upon stretching is 
due to a substance common to muscle and tendon.  Herzog and Jancke (1926) 
have described additional lines  and  sickles that  become visible in the x-ray 
diffraction patterns upon stretching.  Some of them have close topical relations 
to the elliptical ring similar to the ring which we have described.  For some 
reason Boehm was unable to increase the number of diffraction lines by drying 
and  stretching. 
According to earlier work, temperatures up to 36°C., if lasting only a short 
time, produce a reversible contracture of the muscle.  Exposure of muscle to a 
temperature  of 50°C.  for  only a  few minutes  produces irreversible changes, 
including a  loss of elasticity of the muscle.  Higher temperatures induce fur- 
ther contraction, as can be observed in any dead tissue (Riesser, 1925). 
In order to study the influence of higher temperatures upon the x-ray diffrac- 
tion pattern of striated muscle, sartorius muscles were immersed for 5  to 30 
minutes in Ringer's solution as well as isotonic dextrose solutions at 35 to 50  ° 
and 100°C.  In order to prevent contracture the muscles were tied in frames. 
X-ray diffraction patterns of these muscles were taken before and after drying. 
No changes could be detected either in the moist or in the dry specimen that 
had been kept at 35°C.  Nor was the response to electrical stimulation affected. 
The muscles kept at 50°C. for 5 minutes show in the diffraction pattern of the 
moist specimen only very faint signs of the inside equatorial orientation.  The 
outside sickles have disappeared completely.  The diameter of the diffuse ring 
remains unchanged.  The dried specimens show only traces of the equatorial 
points which are very much elongated and the ring on which they lie is much 
darker than usual.  The outside ring is sharper than in the pattern of the nor- 
mal specimen and the flattening in the vertical axis has disappeared. 
After 5 minutes' immersion in boiling Ringer's or dextrose solution, the wet 
specimen  shows  a  complete loss  of equatorial  orientation.  In  place  of  the 
sickles a ring of even density appears,  the diameter of which corresponds to a 
spacing of 5.3 to 5.5 ~..u.  The diffuse water ring does not show any changes. 
The dried specimen is characterized by a  uniform inside ring, without equa- 
torial points.  The outside ring is a circle which is very markedly sharpened. 
The diffraction pattern resembles closely the picture described in heat-dena- 
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Because of reports in the literature that muscles submitted to the influence of 
heat (50°C.)  stretch more easily than unheated muscle, some experiments were 
made  on this point.  Heated  muscle  tears  when  weighted with  only 30 gin. 
FIG. 4.  Effects of heat.  Nos. 12 and 13, muscle, 30 minutes at 35  °.  Nos.  14 and 
15, muscle, 5 minutes at 50  °.  Nos. 16 and 17, muscle, 5 minutes at 100  °.  In Figs. 4 
and 6 to 9 the left  photograph of each pair refers  to the moist  specimen, the right 
photograph to  the dried one. 
When 20 gm. were used a  marked elongation of the muscle resulted.  Never- 
theless,  no orientation in the diffraction pattern of the heated muscle was ob- 
served. 
The  effects  of  ultraviolet  radiation  upon  protein  have  been  extensively 
studied and compared in their effects with changes brought forth by heat and 
3'-rays (Spiegel-Adolf 1927, 1928).  It seemed  interesting,  therefore,  to study 162  X-RAY  DIFFRACTION  STUDIES  ON  FROG  MUSCLES 
the influence of ultraviolet light upon the x-ray diffraction of irradiated muscle. 
Effects of ultraviolet light upon muscle have been described by Azuma and Hill 
(1927),  Lippay (1929),  and Ashkenaz (1938).  In our experiments we used a 
Hanovia quartz mercury lamp operating on direct current at 220 volts.  The 
muscles were irradiated while immersed in Ringer's solution in a quartz beaker. 
In view of the  effects of heat  upon  the x-ray diffraction patterns of muscle, 
care was taken that the temperature of the muscle did not exceed room tem- 
perature.  This was done in one set of experiments by working at a distance of 
20 inches from the lamp.  In another series of experiments, conducted at a dis- 
tance  of  10  inches  the  beaker was packed in  ice.  The irradiation  time was 
varied between  15 and  120 minutes,  during which the muscle was repeatedly 
turned  over.  The  muscles were  irradiated  either  under  isotonic  conditions, 
or they were weighted or tied in frames.  X-ray diffraction patterns were taken 
both from the moist irradiated samples and from the same muscles after drying. 
The  response  to  electric  stimulation  was  tested  in  all  moist  samples.  The 
results of nine experiments can be summarized in the following way: 
1.  Muscles allowed  to shorten  isotonically under  irradiation  show changes 
in  the  x-ray diffraction  pattern  after  a  15  minute  exposure  to  the  mercury 
quartz lamp at 20 inches from the arc.  These changes are not visible in the 
pattern of the moist sample but show up in that of the dried one, as an elonga- 
tion  of the  orientation points.  After an exposure of 90 minutes,  the  muscle 
no longer responds to electric  stimulation,  and  the  diffraction pattern  of the 
moist sample shows that the equatorial streaks have very nearly disappeared; 
in the corresponding dry samples, the equatorial points are elongated, the sickles 
have  disappeared although  the  outside  ring  is  still  elliptical.  If the  muscle 
has been allowed to  stand  in  Ringer's solution  overnight  in  the refrigerator, 
then two outside rings of diameters corresponding to 2.88 and 2.02  A.u. appear, 
the intensity of which  decreases in the above sequence. 
2.  Muscle  weighted  with  1.5  gm.  or  tied  in  a  frame and  irradiated  at  2,0 
inches  from the  arc  for 30  minutes  does not  show any appreciable  changes 
in the diffraction pattern of either the moist or dried sample. 
3.  Such changes start to become manifest in muscle tied in frames upon an 
increase of the irradiation time to 120 minutes.  An irradiation of 90 minutes 
produces diffraction patterns  nearly  identical  with  the  ones observed in  iso- 
tonically shortened muscles irradiated for the same length of time.  When the 
distance  from the  arc is  decreased  to 10 inches, an irradiation  of 90  minutes 
produces a  nearly complete destruction of the orientation.  But although the 
equatorial points as well as the outside arcs are very faint in the dried sample, 
nevertheless, the elliptical shape of the outside ring and the more or less diffuse 
character  of  the  latter  are  preserved.  Two  additional  rings  become visible 
upon standing of the sample in Ringer's solution overnight in the refrigerator. 
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fled with the diffraction pattern of NaC1.  They are visible even if the muscle 
has  been  wiped  off with  filter paper before  drying.  The  existence of  these 
salt rings  is  tentatively explained by an  increase  of the permeability of the 
muscle cells, which permits the NaC1 of the Ringer solution to penetrate into 
the  interior  of the  cells.  We found and shall discuss  similar results in later 
experiments which involve more or less complete loss of orientation in the x-ray 
diffraction patterns.  This relation is not necessarily reversible as shown by the 
patterns of boiled muscles (see below). 
A comparison of the effects of heat and of ultraviolet light on the x-ray diffrac- 
tion pattern of muscle clearly indicates the differences.  It is interesting that 
some of these differences are analogous to those observed in proteins subjected 
to similar treatment (Spiegel-Adolf and Henny, 1941).  Both in proteins and in 
muscle  heat  denaturation  produces a  sharpening  of the  backbone reflection. 
And  in  both  these  changes  are  absent  upon  intense  ultraviolet  irradiation. 
These findings corroborate the assumption  that the x-ray diffraction pattern 
of the muscle is fundamentally that of myosin. 
The  ultraviolet  radiation  used  on  the  muscle  was  more  than  sufficient  to 
coagulate and denature proteins  (Spiegel-Adolf,  1927).  There is not definite 
proof that heat and ultraviolet light denaturation  are quantitatively compar- 
able.  Nevertheless, it must be stressed that the loss of orientation is complete 
in heat  denaturation  while even our most intense  ultraviolet  irradiation  was 
unable  to  destroy  the  elliptical configuration  of the  backbone spacing.  Be- 
sides, although the equatorial points are lost, there is no trace of the inside ring 
corresponding to the spacing of 21.3  A.u., which appears in the heat-denatured 
muscle.  Although  these  findings seem  to point  to  the  greater extent  of the 
changes in boiled muscles, the latter do not show salt rings, even when allowed 
to soak in cold Ringer's solution for 12 hours after boiling.  This may mean 
that loss of orientation is not necessarily correlated to changes in permeability 
or that heat coagulation in itself causes a  compensating increase in density of 
the  cell  membranes. 
The  influence of  electrical  stimulation  upon  the  x-ray  diffraction  pattern 
of muscle has been studied by Boehm  (1931).  We have tried to reduplicate 
his  findings  and  come  to  a  clearer  understanding  of  the  basic  mechanism. 
For this purpose we tried two different lines of approach. 
In  the  first series,  we  stimulated  the  muscle faradically, using  a  standard 
Harvard inductorium in which the primary current was provided by a 4.4 volt 
storage  battery.  Coil  distances  of 0  to  10  cm.  were  used.  In  preliminary 
experiments the movements of sartorius muscles of the frog under faradic stim- 
ulation were recorded with a kymograph.  It could be shown that contraction 
upon stimulation was only maintained for 3.1 minutes and that at least 30 gm. 
of weight attached to the muscle were necessary in order to prevent shortening 
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stimulated during the x-ray exposure.  It was mentioned previously that the 
inside of our cameras is provided with electrical connections.  Cotton threads 
soaked in Ringer's solution were used as electrodes.  Two periods of stimula- 
tion totaling 6 minutes were used in one exposure.  The muscles were loosely 
tied in a  frame so that contraction was easily visible when the irritability of 
the  muscle  was tested  after exposure. 
In another set of experiments the muscle was permitted to contract isoton- 
ically under a weight of 30 gm. while faradically stimulated as described above. 
This was accomplished by tying one end of the muscle to a fixed point while the 
other end was attached to a  thread which moved freely through a hole in the 
horizontal axis of the camera, over a pulley, and supported a 30 gin. weight. 
In both sets of experiments the muscle still reacted to electrical stimulation 
after the exposure had been completed.  A comparison of the x-ray diffraction 
patterns gives the following results: In the case of the muscle which  was free 
to contract,  the orientation of the x-ray diffraction pattern was lost.  In the 
muscle in which the shortening had been largely prevented by the weight, the 
orientation was practically normal.  It seemed worthwhile to put these findings 
on  a  wider  base.  It was not  possible  to vary the  frequency of the  faradic 
stimulation,  and  it  seemed  possible  that  by using  less  frequent  stimuli  less 
fatigue of the muscle and therefore,  a  longer period of contraction,  could be 
obtained.  Therefore, the muscle was stimulated by 240 to 360 single induction 
shocks per minute by manual operation of the switch in the primary circuit of 
the  inductorium.  The  coil  distance  was  varied  from 0  to  10  cm.  Muscles 
stimulated in this way for 6 minutes were studied under three different condi- 
tions: while tied in a  frame, under isotonic conditions,  or weighted with  10 to 
20 gin.  The x-ray diffraction patterns of muscles tightly tied in frames showed 
fair  orientation;  when  the  muscles  were  weighted,  the  distinctness  of  the 
orientation increased with the weight (from 10 to 20 gm.).  Muscles permitted 
to contract isotonically lost their orientation either completely or showed only 
faint traces of it.  In an attempt to differentiate between the effects of elec- 
trical stimulation and of mechanical shortening, such contracted muscles were 
stretched  mechanically and  again  a  diffraction pattern  taken.  The  orienta- 
tion  which  had  disappeared  became visible again  with  practically  the  same 
degree of intensity as in the normal rested muscle  (Fig.  5.).  These observa- 
tions seem to support the assumption of Boehm that the disappearance of the 
equatorial points upon isotonic contraction is a purely mechanical phenomenon 
based on deformation of the micellae.  But, contrary to this author, the ellip- 
tical ring becomes circular in our experiments.  Upon stretching of the muscle 
it reassumes its elliptical shape and the sickle-like intensities reappear.  The 
difference  between  the  disappearance  of  the  equatorial  points  after  isotonic 
contraction  upon  electrical  stimulation  and  upon  heat  denaturation  is  quite 
obvious since, among other things, no amount of stretching of the heat-dena- 
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There is a  marked parallelism between the changes in x-ray diffraction and 
changes in birefringence.  In his monograph, Schmidt (1937)  mentions experi- 
ments  of yon  Ebner  who has  observed a  decrease  in  birefringence  in  living 
muscle  upon  electrical  stimulation.  According  to  yon  Muralt  (1932),  who 
made elaborate studies on single contractions of frog muscle, these changes in 
the birefringence are changes of the fine structure of the main valency chains; 
i.e.,  of the substances which are supposed to give the x-ray diffraction pattern. 
Bozler and Cottrell (1937) came to the conclusion that the diminution of bire- 
FIG. 5.  Electrical stimulation.  No.  18, after 1st contraction.  No.  19, after 2nd 
contraction.  No. 20, after stretching.  No. 21, normal moist muscle. 
fringence observed in the sartorius muscle of the frog during isotonic contraction 
is due to the shortening alone and not directly to the contractile process. 
A  number of experiments were made with  the purpose of studying the  in- 
fluence of various neutral  salts upon  the  x-ray diffraction pattern  of muscle. 
The  salts  investigated  were  NaC1,  KCI,  NH4C1,  LiC1,  NaCNS,  Na  citrate, 
K.- (COOH)2, and MgC12.  As in proteins it is necessary to differentiate between 
the effects of salt concentrations and salt  ions.  Two salt concentrations were 
used.  The first one  is isosmotic with 0.73 per cent NaCl, which according to 
Hill and Kupalov (1930)  is  in osmotic equilibrium with the blood  salts of the 
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The possibility exists  that some of the salts,  especially the ones with a  bi- 
valent cation,  do not penetrate  into  the  muscle  cells  as  easily as  salts  with 
univalent  ions.  Therefore,  a  number  of controls were  run  in  which  normal 
muscles and muscles with cut ends were used.  In the majority of cases the 
muscles were tied in frames; in some of the earliest experiments muscles were 
pinned  on cork.  The  mounted muscles  were  immersed  in  the  different  salt 
FIG. 6.  Effects of KC1 and NaC1.  Nos. 22 and 23, muscle after 94 minutes in KC1, 
before and after drying.  Nos. 24 and 25, muscle after 99 minutes in NaC1, before and 
after drying. 
solutions for periods of time varying between 30 and 100 minutes.  Thereafter, 
the muscles were rinsed with Ringer's solution and x-ray diffraction patterns 
were made of the moist samples.  In nearly every case the specimens were then 
dried in  the usual way and x-ray exposures were made of the  dried samples. 
In order to identify some of the salt lines in the diffraction patterns of the salt- 
treated muscles, x-ray exposures of the salts in question were made.  In addi- 
tion, the data of Hanawalt and coworkers (1938) were used as references.  The 
results of 174 x-ray diffraction studies may be summarized in the following way: 
No neutral salt with a univalent cation, when used in a concentration equiva- 
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have any effect upon the x-ray diffraction pattern.  KC1, at a comparable con- 
centration, destroys the orientation of the pattern to a marked degree inasmuch 
as, in the moist specimen, the equatorial streaks are weak and in the dry speci- 
men, faint arcs replace the equatorial points.  The sickles also are lost, but 'the 
elliptical  shape  of  the  outside  ring  is  maintained.  Two  salt  rings  appear, 
o 
corresponding to spacings of 3.19 and 2.28 A.u., which are practically identical 
with salt rings measured in a  sample of powdered KC1.  The fact that KC1 is 
FIG. 7.  Effects of MgC12 and CaC12.  Nos. 26 and 27, muscle  exposed  to MgC12, 
before and after drying.  Nos. 28 and 29, muscle exposed to CaC12, before and after 
drying. 
effective in  a  concentration  in  which  NaC1 does not produce visible changes 
may be due  partly at least  to  the  "loosening effects of K  ions on cell mem- 
branes"  (Abderhalden,  1927)  (Fig.  6). 
These findings are of interest since they offer a  physicochemical correlation 
to  the  well known physiological differences in  the  effects of Na and  K  salts. 
MgC12 in  the  above concentrations  does not produce marked changes in  the 
x-ray diffraction patterns of muscle.  The only change, if any, seems to indi- 
cate rather a  relaxation of the muscle as concluded from the very pronounced 
orientation  marks.  Higher  valency of the  anion,  as  in  oxalate  and  citrate, 
apparentl)~ does not increase the effect in most of the salts (Fig. 7). 
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cut ends and in normal muscles, when the immersion time is increased to longer 
periods.  In extreme cases, the orientation seems to disappear to a large extent, 
the outer elliptic ring in the sample loses its sickles and polar flattening, and 
o 
salt rings corresponding to spacings of 2.85 and 2.01 A.u. become visible.  This 
happened only in a muscle which after immersion in CaC12 was bathed for an 
hour in Ringer's solution.  This can be interpreted as an expression of the an- 
tagonism existing between the increased permeability which we have frequently 
observed upon loss of orientation and the known membrane-tightening effects 
of Ca salts.  The salt rings observed correspond in their spacings to the NaC1 
pattern  (Fig. 7). 
The effects of hypertonic salt  concentrations studied with  NaCl,  NaCNS, 
NH~C1, and MgCI~, show similar results.  In every case, equatorial points and 
sickles disappear and the elliptical outer ring has changed to a circular shape. 
Salt  rings  corresponding to  the  spacings  characteristic  of the  salts  used  are 
clearly visible.  These findings are in agreement with similar observations of 
Worschitz and yon Hermann  (1934),  who point  out the irreversibility of the 
changes in the x-ray diffraction patterns after removal of the hypertonic salts 
by washing.  Von Ebner (1882), working with hypertonic NaC1,  and Bieder- 
mann  (1927), who tested the influence of 10 per cent NH4CI upon muscles of 
frogs, reported marked decreases in birefringence. 
NaCNS has effects which are widely different.  Not only. does the orienta- 
tion disappear but the outside ring gets wider in diameter and more diffuse. 
It is slightly elliptical, but the longer diameter is in the vertical axis.  Salts 
have apparently penetrated into the muscle cells, but the salt arcs are decidedly 
oriented as if the salt were crystallized under stress.  It is a well known fact 
that  thioeyanates have a  hydrating effect upon proteins.  In  our studies  on 
acid (see below) we have found a similar effect upon the width of the outside 
rings, and we shall try to explain this phenomenon.  The orientation apparent 
in the salt rings may be related to the hygroscopic character of the salt, which 
influences its time of crystallization so as to coincide with changes in the muscle 
upon drying. 
LiC1 in hypertonic concentrations also destroys the orientation of the muscle 
diffraction pattern.  Also there are indications of a  very faint ring with  the 
spacing at 21.3 A.u. similar to rings observed both in heat-denatured and HNO3- 
treated muscles.  No explanation is offered for this observation, but Worschitz 
(1934)  has observed a spacing of 22 A.u. in dried muscle, which we have been 
unable to confirm in normal material.  In addition, we have observed a  similar 
diffraction  ring  in  a  sample  of  powdered  muscle  nuclei.  Another  special 
feature of the LiC1 is a  splitting up of the outer circular ring.  The diameter 
of the smaller ring corresponds to a  spacing of 4.70 A.u.,  of the  larger  ring, 
to 3.77 A.u.  The space between these two rings is diffusely blackened.  The 
larger ring has no equivalent in the LiC1 diffraction spectrum. 
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pattern of muscle.  Apparently Ca ions penetrate through the cell membranes 
since the muscle becomes relatively opaque to x-rays.  The inner ring of the 
dried muscle pattern is just barely visible. 
The influence of acids upon muscles has been studied extensively, especially 
with respect to changes in birefringence and swelling.  Since muscles produce 
acid as a part of their particular metabolism, such studies have some immediate 
bearing  upon  certain  physiological  and  pathological  problems  of  muscle. 
Furthermore,  the  numerous  physicochemical analyses  of  reactions  between 
proteins and acids promise further help in the elucidation of analogous problems 
in  muscles. 
We have studied the effects of HC1, HNO3, H2SO4, CH3COOH, monoiodo- 
acetic acid, and lactic acid upon the x-ray diffraction of muscles.  The concen- 
trations of the acids varied between 0.0005 N (monoiodoacetic acid)  and  1.7 
N (acetic acid).  The solutions were made isosmotic when necessary by adding 
the  required amounts of Ringer's  solution or dextrose.  All the muscles im- 
mersed in acid solutions were tied in frames.  The time of immersion varied 
between 10 minutes and 28 days.  X-ray diffraction patterns were made from 
the moist muscles and also after drying. 
A  study of 63  different x-ray diffraction patterns led to the following con- 
clusions.  Corresponding to visible swelling following acid treatment, most of 
the  moist muscles  show a  slight  increase in  diameter of the  diffraction ring 
corresponding to a slight decrease in interplanar spacing.  In the case of HC], 
systematic studies were made to determine the influence of acid concentration 
and duration of immersion in the acid, upon the diameter of the water ring. 
Variation in HC1 concentration did not give a clear cut result.  But, if the HC1 
concentration is kept at the same value (0.1 N) and the duration of immersion 
varied between 30 and 80 minutes, then the diameter of the water ring seemed 
to pass through a minimum at 45 minutes before reaching a practically constant 
value.  These findings show a certain similarity with the reactions of proteins 
and acids.  The viscosity graph of globulins and HC1 also passes  through a 
peak and  the viscosity drops again within the  1st hour (Spiegel-Adolf, 1923). 
Although the water ring in muscles is not supposed to be a specific diffraction 
line, yet it may indicate different degrees of swelling of the muscle tissue.  The 
effect of the acids upon the x-ray diffraction pattern of muscle seems to depend 
largely upon the pH of the solution.  The mineral acids as well as lactic acid 
in concentrations up to 0.005 N apparently leave the structure of the muscle 
unchanged.  However, the orientation seems to be more pronounced than in 
normal living muscle.  The acid-treated muscle does not respond to stimu]a- 
tion,:and is probably dead.  Further experiments may have to be performed to 
decide whether the shift of K ions reported in the first stages of acid poisoning 
of muscle or differences in tonus between living and dead muscle are responsible 
for this change in the x-ray diffraction pattern. 
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tion  of  the  x-ray  diffraction  pattern  of  muscle  disappears  completely.  In 
dried muscles which have been immersed in HC1, HNOs, H~SO4, or lactic acid, 
the outer ring is much sharper than usual, similar to the sharpening described 
in  muscles exposed to  temperatures of 50°C.  and  above.  Since  the  protein- 
denaturing  effects of  strong  acids  are  well known,  the  phenomena  observed 
may be explained in a  manner similar to that offered for the effects of heat. 
We have ascertained that acid denaturation in muscle is not reversible upon 
neutralization  of the medium.  In samples immersed in mixtures of acid and 
Ringer's  solution  there  appears,  upon  drying,  the  characteristic  pattern  of 
NaC1.  These rings are absent  in patterns obtained in control experiments in 
which Ringer's solution was replaced by isotonic dextrose solution.  This con- 
firms the explanation previously given for the salt rings.  Therefore, the  ap- 
pearance of the latter seems to be an additional proof of the detrimental effects 
of acid upon muscle.  Due probably to the weakness of acetic acid, a  0.01  N 
solution is without apparent effect upon the x-ray diffraction pattern of muscle. 
With  a  much higher  concentration  of acetic acid  (1.7  N)  orientation  is  com- 
pletely and irreversibly lost.  The pattern resembles that of boiled muscle. 
In view of references in  the literature  to the inhibiting effect of monoiodo- 
acetic  acid  on  the  lactic  acid  production  of muscle,  some experiments using 
lactic acid were made.  According to Riesser's review (1925),  lactic acid takes 
part in the swelling of the muscle produced by heating over 49°C.  However, 
Weber (1934) was unable to observe further coagulation by lactic acid and our 
own theory of heat denaturation  of proteins does not  require  acid formation. 
We were able to ascertain that the characteristic changes in the x-ray diffraction 
pattern of muscle produced by boiling are not influenced by a pretreatment with 
0.01  per cent monoiodoacetic acid up to 405  minutes immersion.  Monoiodo- 
acetic acid of this concentration does not affect the x-ray diffraction pattern of 
muscle.  In another series of experiments we tested the effects of single electric 
shocks upon muscles which had been exposed for 10 to 38 minutes to 0.01 per 
cent monoiodoacetic acid.  The muscles were either stretched by pulling on the 
ends or were tied  on frames.  Although  electrical stimulation  is supposed  to 
increase lactic acid formation the diffraction patterns in the above series were 
not different from the ones observed in normal muscle upon electrical stimula- 
tion. 
Rigor morris according to the current opinion is "a disturbance of the colloid 
equilibrium of the muscle proteins produced through anoxia and conducive to 
maximal acid formation in the muscle" (Riesser,  1925).  Therefore, a  descrip- 
tion of some of our x-ray diffraction patterns pertaining to that condition may 
well follow the  discussion  of the effects of externally applied acids.  We had 
some  technical  difficulties  in  producing  rigor  mortis  in  frog  muscle.  If the 
muscle was removed 22  hours after the pithing of the frog, neither  the x-ray 
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appreciable anomalies.  There are indications in the literature that rigor mor- 
tis is more easily produced in fatigued muscles.  Therefore, a number of muscles 
were electrically stimulated for 6 minutes, while tied in frames, and then kept 
in  Ringer's  solution  for  21  to  24  hours.  Another  group  was  treated  for  a 
similar length of time with 0.01  to 0.06 per cent caffeine in Ringer's solution. 
Neither group responded to further stimulation.  In the electrically stimulated 
muscles as well as in the caffeine treated ones, NaC1 rings appeared after drying, 
indicating  a  change in permeability of the muscles.  There is practically no 
orientation in the x-ray diffraction pattern of the caffeine-treated muscles and, 
in one instance, the spacing corresponding to 21.2 A.u. became visible.  In the 
electrically stimulated muscles, orientation persists although the points in the 
x-ray diffraction pattern of the dried specimens have the shape of arcs.  The 
elliptical character of the outside ring is well preserved.  These results are in 
agreementwith those reported by Stiibel and Liang (1928), who report a loss 
in birefringence of varying degree in different kinds of contractures. 
According to Vlbs (1911), KOH and NH3 destroy the birefringence of muscles. 
Only a few experiments were made in this direction.  We could ascertain that 
the effective concentration of NaOH is markedly higher than the corresponding 
concentration of strong  acids which obliterates the  orientation of the muscle 
x-ray diffraction pattern.  NaOH, in a concentration of 0.01 N, either in Ringer's 
solution  or  in  dextrose,  does not  affect the  orientation of the  dried  muscle, 
although a certain amount of swelling is indicated in the pattern of the moist 
muscle  (faint streaks,  hardly visible sickles).  Higher concentrations such as 
were used in our experiments with NH3 (0.25 N for 40 to 86 minutes), destroy 
the orientation of the x-ray diffraction pattern.  Stretching of the NH3-treated 
muscle by weights of 5 to 50 gm., while drying, does not produce visible changes 
of the pattern. 
The  reaction  of proteins  and  formaldehyde has  been  studied  extensively. 
It is generally assumed that formaldehyde is added to the terminal NH3 groups. 
There seem to be indications that combination with formaldehyde produces a 
denaturation of the protein.  Since fixation in formaldehyde is widely used in 
the preservation of normal and pathological specimens it seemed interesting to 
study the influence of formaldehyde fixation upon the x-ray diffraction pattern 
of  muscle. 
Muscles were kept for 24 hours in 3.7 per cent formaldehyde solution, some 
tied in frames, others free.  The moist preparations not only showed marked 
orientation but also like muscles killed with dilute acids, a more distinct pattern 
than the normal muscle.  The tying of the muscle in a  frame seems to exag- 
gerate the flatness of the sickles. 
In the dried preparations the equatorial points seem to be slightly extended 
into arcs.  The elliptical character of the outside ring is well preserved (Fig. 8). 
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protein denaturation.  Clark and Shenk (1937) have reported that some fibered 
proteins other than muscle are not affected by formaldehyde unless preswollen 
by alkali.  The fact that formaldehyde fixation modifies only slightly the x-ray 
diffraction pattern of muscle seems to indicate the  possibiliy of using  material 
preserved in  formaldehyde for x-ray diffraction studies. 
Among anesthetics acting upon isolated muscle the most interesting seemed 
to be alcohol.  Its direct effect upon proteins in comparison with  other agents 
producing denaturation has been described by one of us (Spiegel-Adolf, 1929). 
We have studied  the  effect of alcohol upon  muscle at concentrations  of 5, 
15, and 95 per cent.  The immersion time varied from 8to 32 minutes.  Four- 
teen  x-ray diffraction patterns of moist and  dried  muscles were taken.  The 
following results were observed.  An  immersion in  5  per cent  alcohol-Ringer 
FI.~. 8. Effects of formaldehyde.  Nos. 30 and 31, moist and dried muscle. 
(for  42  to  82  minutes),  although  without  an  anesthetizing  effect  upon  the 
muscle, diminishes in  the moist samples the sharpness of the streaks and  the 
sickles  disappear  altogether.  This  behavior can  possibly be  explained  by a 
stimulating effect of the low alcohol concentration.  In the dried preparation 
scarcely any changes corresponding  to  the  ones noticed  in  the  moist sample 
can be detected.  Apparently they have reverted to  normal upon the evapora- 
tion of the alcohol while drying. 
Muscles treated with 15 per  cent alcohol are  anesthetized.  The streaks and 
sickles in  the moist specimen are well  defined.  The corresponding picture of 
the  dried muscle is practically normal.  All muscles treated  with 95  per cent 
alcohol show a  marked decrease in the  diameter of the water ring.  The usual 
diameter of 18 to 19 ram.  comes down as low as 15 ram.  We have not yet an 
adequate  explanation  for  this  phenomenon,  although  we  have  observed  a 
similar shrinkage in the diameter of the water ring which occurs upon treatment 
with acid, and according to Riesser (1925)  lactic acid concentration is increased 
in  muscle  treated  with  alcohol. 
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change beyond the  decrease  of the  water ring.  Orientation  is maintained in 
both  the  moist and  the  dried  specimens, but  the  outside  ellipse of the  dried 
specimen is sharper than usual (Fig. 9). 
FIG. 9.  Effects of alcohol.  Nos. 32 and 33, muscle exposed 82 minutes to 5 per cent 
alcohol.  Nos.*34 and 35, muscle  exposed  44 minutes to  15 per cent alcohol.  Nos. 
36 and 37, muscle exposed 8 minutes to 95 per cent alcohol. 
If the exposure time to 95 per cent alcohol is lengthened  to 12 minutes, the 
sickles  vanish  although  the  streaks  are  still  present.  The  elliptical  charac- 
ter  of  the  outside  ring  has  entirely  disappeared.  It is  as  sharp  as  the  cor- 
responding ring in an x-ray diffraction pattern of boiled muscle.  These findings 
are in good agreement with our observations  on alcohol denaturation  in pro- 
teins.  These changes  closely resemble  qualitatively  those  produced  by heat 
denaturation, although they seem quantitatively to be of lesser degree. 174  X-RAY  DIFFRACTION  STUDIES  ON  FROG  MUSCLES 
In order  to study the effects of chloroform upon  muscle different methods 
were used.  Saturating the Ringer solution with chloroform by intensive shak- 
ing proved to be the most satisfactory way.  The effect of chloroform upon the 
x-ray diffraction pattern of muscle depends upon whether the muscle is allowed 
to contract or not.  Muscles tied in frames or weighted by 60 gm. do not show 
changes in the x-ray diffraction pattern after being kept overnight in Ringer's 
solution saturated with chloroform.  The orientation of both the moist and the 
dried specimens is good.  If, on the contrary, the muscle is allowed to contract 
in  the  chloroform-saturated Ringer's solution,  which  it does to  a  remarkable 
degree,  then  the  diffraction  pattern  undergoes  definite  changes.  The  moist 
sample shows only faint streaks lying on a  complete ring.  The dried muscle 
shows, in its x-ray diffraction pattern, a ring instead of points.  The elliptical 
character of the  outside  ring  is lost.  Instead of that,  three  diffraction rings 
corresponding to spacings of 21.2,  2.85,  and 2.01  A.u.  become manifest.  We 
have identified the last two spacings as belonging to NaC1 and have described 
the  first as occurring upon  heat  denaturation  and  other  kinds of irreversible 
changes in muscle.  These changes seem to be the effect of contraction.  Ac- 
cording to facts reported by Riesser (1925),  the tension produced in muscle by 
chloroform is remarkably high, similar to the one reached in electrically induced 
tetanus.  Muscles tied in frames and exposed to chloroform vapor for 10 minutes 
to 23 hours do not lose their orientation.  Neither does chloralhydrate in 0.016 
per  cent  solution  in  Ringer's solution  affect the  x-ray diffraction  pattern  of 
a  muscle which was kept in such a mixture overnight. 
A number of experiments were devoted to the study of the influence of caf- 
feine upon the x-ray diffraction pattern of muscle.  The caffeine concentration 
was varied from 0.002 to 0.01  per cent; muscles were exposed to these concen- 
trations in Ringer's solution from 5 to 25 minutes.  The muscles thus treated 
were either loose, pinned  on cork, or allowed  to contract isotonically  (12  ex- 
posures).  The following results were found: Loose muscles when exposed to 
0.002  caffeine did  not show any changes of the x-ray diffraction pattern after 
an immersion time of 5 minutes.  If this latter is extended to 25 minutes then the 
muscle shrinks to -~ of its original length.  After drying the x-ray diffraction pat- 
tern shows a complete loss of orientation, the equatorial points are replaced by a 
ring; the outer ring is circular without any sickles.  A number of salt rings are 
visible.  Their spacings correspond to the ones of NaC1.  We ascertained that 
they are different from the rings shown by powdered caffeine-sodium benzoate. 
If the muscle is pinned on cork, the above used concentrations of caffeine and 
immersion  time  do  not  apparently  influence  the  x-ray  diffraction  pattern. 
The orientation is as distinct as in the control.  These fundamental facts are 
not changed either by increasing the concentration of  the caffeine to 0.01 per 
cent, by tying the muscle in a frame, or letting it contract isotonically.  Only 
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per cent caffeine for 5 minutes did we  notice a  shrinkage of the water ring as 
upon acid or alcohol treatment.  After drying, this same preparation showed a 
fine arc corresponding to a  spacing of 4.18 A.u.  It seems  to  be an accepted 
fact that the caffeine prevents the restitution of lactacidogen in the muscle and 
therefore produces acid swelling.  The changes described in the x-ray diffrac- 
tion  pattern  of  caffeine-treated muscles  apparently  confirm  this  hypothesis 
and explain  why other agents  which produce increase of acid  by a  different 
mechanism show identical x-ray diffraction patterns. 
Although it is well known that acetylcholine acts only on the nerve terminals 
of muscle a  few experiments (6)  were made in  this  direction.  Exposures to 
0.001  per cent acetylcholine for 1 minute did not affect the x-ray diffraction 
patterns of either loose muscles or muscles tied in frames. 
SUMMARY 
1.  X-ray diffraction studies of sartorius muscles of Rana pipiens  were made 
in a  new x-ray diffraction camera which permits  exposures of 3 to 6 minutes. 
The object-film distance can be varied from 20 to 80 mm; the muscle inside the 
camera  can  be  electrically stimulated  while  contracting  isotonically  or  iso- 
metrically, and can be observed by a special device.  After exposures up to 30 
minutes  (approximately 40,830  r)  muscles are still alive and  responsive. 
2.  Contrary to the x-ray diffraction pattern of powdered  dry muscle, which 
pattern consists of two rings corresponding to  spacings of 4.46 A.u. and  9.66 
~.u., both moist and dried whole sartorius  muscle show signs of orientation in 
both  rings,  consisting  of  two  equatorial  streaks  (wet)  or  points  (dry)  and 
meridional sickles.  The moist muscle shows in addition a  diffuse water  ring. 
The spacings  corresponding to the orientation points and  elliptical structure 
show only slight differences in moist and  dried samples.  Through statistical 
computations based  on  two  different series consisting  of  thirteen moist and 
twenty-eight dried samples, and nine muscles before and  after drying, it was 
shown that  only the divergence in  the  smaller spacing has  some real  signifi- 
cance, which indicates that most water of the moist muscle is bound intermolec- 
ularly.  Upon  resoaking  of dried  muscle  the x-ray diffraction pattern of the 
moist muscle is restored. 
3.  Stretching of muscle by weights below the breaking point produces an 
additional well defined diffraction line, corresponding to a spacing of 4.32 A.u. 
A similar diffraction line can be produced in frog tendon upon stretching. 
4.  The influence of heat on the x-ray diffraction pattern of muscle depends 
upon the maximum temperature and the length of action; 5 minutes at 50  ° C. 
markedly reduces the orientation of the sample; 5 minutes' immersion in boil- 
ing Ringer's solution destroys the orientation and produces a ring correspond- 
ing to a spacing of 5.3 to 5.5 ~-.u. in the moist and sharpening of the backbone 
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5.  Ultraviolet light brings forth changes in the x-ray diffraction pattern vary- 
ing  with  the  intensity of the  irradiation.  Ultimately a  disappearance of the 
equatorial  points  and  of  the  outside  sickles  is  achieved  while  the  elliptical 
shape of the outside ring and its diffuseness persist.  In addition two salt rings 
characteristic  of NaC1 indicate  that  the  irradiated  muscles have become per- 
meable to the surrounding medium (Ringer's solution). 
6.  Both faradic and single shock electrical stimulation were tried on muscles. 
If shortening of the muscle is prevented either by sufficient weight or by tying 
the muscle in a frame, no changes in the x-ray diffraction pattern occur; if the 
muscle is allowed to shorten without weights or by using insufficient weights, 
then  the  orientation  either  disappears  completely  or  partially.  When  the 
muscle is stretched  while contracted by electrical  stimulation  the  orientation 
of the x-ray diffraction pattern reappears. 
7.  A  number  of salts  with  uni-  and  bivalent ions  in  concentrations  corre- 
sponding osmotically to 0.73 per cent NaC1 and 10 per cent NH4C1 were studied 
in  their effects upon  the x-ray diffraction of muscles.  Of the  salts with uni- 
valent ions in the lower concentration  only KCI causes a  marked decrease of 
orientation and an increase in the permeability of the fiber membranes.  Simi- 
lar effects on the orientation seem to be produced by CaC12 while MgC12 causes 
rather a  more pronounced orientation.  At hypertonic salt  concentrations the 
orientation  disappears  completely  and  the  corresponding  salt  rings  become 
visible.  Besides,  NaCNS  seems to have a  specific effect on  the  outside  ring 
and LiCl produces a ring at 21.3 A.u. and a splitting of the outside ring. 
8.  Strong mineral and lactic acids in concentrations up to 0.005 N have little 
if any influence upon  the x-ray diffraction of muscles.  A  further increksein' 
acidity to 0.01 N and above destroys the orientation completely, causes sharp- 
ening of the backbone reflection, and increased membrane permeability.  These 
changes are irreversible upon neutralization.  Also the effects of swelling upon 
the water ring of  fresh  muscle  become manifest.  Weak  acids at higher con- 
centrations show an effect similar to that of strong acids. 
9.  Rigor mortis produces a  more or less complete loss of orientation.  The 
muscles show signs of increased permeability. 
10.  Alkalies  destroy the  orientation  of the x-ray diffraction pattern.  The 
effective concentration is higher  than  the  corresponding amount of acid. 
11.  Formaldehyde produces only minor changes in the x-ray diffraction pat- 
terns  of  muscles. 
12.  The effects of alcohol depend primarily upon the concentration applied. 
Low concentrations  (5 per cent)  seem to have a  passing stimulating effect, at 
concentrations of 15 per cent, the anesthetizing effect becomes manifest in well 
defined  orientation.  The  diameter  of  the  water  ring  is  reduced.  If 95  per 
cent alcohol is allowed to act upon muscle for more than  12 minutes, then the 
orientation disappears completely and the backbone spacing becomes as sharp 
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13.  The effects of chloroform depend upon whether the muscle is allowed to 
contract  or  not.  Only  if  the  muscle  is  allowed  to  contract  in  chloroform- 
saturated Ringer's solution is the orientation lost and salt rings appear as well 
as a  ring  corresponding  to a  spacing of 22  A.u.,  which  has been observed in 
other  changes  in  muscles. 
14.  In muscles allowed to shorten in a Caffeine-Ringer's solution the orienta- 
tion disappears, salt rings become visible as well as a decrease in size of the water 
ring; a new arc corresponding to a spacing of 4.18 A.u. was observed in one case. 
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